In eukaryotes, cap-dependent translation initiation represents one of the most complex processes along the mRNA translation regulation pathway. It results in the formation of several transient complexes involving over a dozen eukaryotic initiation factors (eIFs) and culminates in the accommodation of the start codon at the P-site of the small ribosomal subunit (SSU). In higher eukaryotes, the mRNA sequence in direct vicinity of the start codon, called the Kozak sequence (CRCCaugG, where R is a purine), is known to influence the rate of the initiation process. However, the molecular basis underlying its regulatory role remains poorly understood. Here, we present the cryo-electron microscopy structures of late-stage βglobin 48S IC and histone 4 (H4) 48S IC at overall resolution of 3Å and 3.5Å, respectively.
INTRODUCTION
mRNA translation initiation in mammals is more complex than its bacterial counterpart at all levels. Indeed it includes more steps, more initiation factors and more regulation pathways.
One can summarize the overall process in four steps, starting with pre-initiation. During preinitiation, the ternary complex (TC) is formed by the binding of the heterotrimeric eukaryotic initiation factor 2 (eIF2) to one molecule of guanosine triphosphate (GTP) and the initiator methionylated tRNA (tRNA i Met ). The TC then binds to the post-recycled ribosomal small subunit (SSU), also called 40S subunit. TC recruitment is partially mediated by eukaryotic initiation factors attached to the 40S, eIF1, eIF1A, and 13-subunit eIF3 complex. This leads to the formation of the 43S pre-initiation complex (PIC). The architecture of the 43S PIC has been already investigated thanks to several structures from yeast and mammals at intermediate to low resolutions [1] [2] [3] .
The second step consists on the recruitment of the 5' capped mRNA and leads to the formation of the 48S IC. This step is mediated by the cap-binding complex composed of eIF4F (an assembly of cap-binding protein eIF4E, a scaffold protein eIF4G and an RNA helicase eIF4A), a second copy of eIF4A, and also eIF4B [4] [5] [6] [7] . To date and in spite of numerous attempts, this step remains elusive to structural studies.
In spite of the tremendous recent advances in understanding this phase of translation, high-resolution structural studies of the initiation process have been conducted by in vitro reconstitution of the related complexes. This approach often requires biologically irrelevant molar ratios of the studied eIFs [1] [2] [3] 8, 9 , thus limiting insight into more subtle regulatory pathways. Moreover, the structures of the mammalian (pre)initiation complexes are still at intermediate resolutions approximating 6 Å [29] [30] [31] . Finally, although the role of ABCE1 was experimentally demonstrated as a ribosomal subunit anti-association factor preventing premature binding of the 60S 16 , its impact on the 48S complex formation and conformation is still unclear.
Here, we present cryo-EM structures of LS48S IC formed after the recognition of the start codon in the presence of the "strong" Kozak mRNA (β-globin) and "weak" Kozak mRNA (histone H4), prepared in near-native conditions in rabbit reticulocyte lysate ( Fig. 1a ).
Although the initiation regulation may differ mechanistically between these two archetype mRNAs, our structures provide a high-resolution snapshot on the Kozak sequence-dependent variable interactions in the LS48S IC in mammals.
RESULTS

Overall structure of the mammalian 48S initiation complex
The complexes were prepared using our approach 31 (see Methods for details) that consists on stalling the LS48S IC in rabbit reticulocytes lysate (RRL) using GMP-PNP (a nonhydrolysable analogue of GTP) on the two target cellular mRNAs: human β-globin mRNA (strong Kozak) and mouse histone H4-12 mRNA (weak Kozak) ( Fig. 1a ). These mRNA were transcribed and capped from BC007075 cDNA (β-globin) and X13235 cDNA (histone H4-12). The advantage of this approach is the ability to prepare ICs bound on different mRNAs of interest directly in nuclease-treated cell extract in the absence of the endogenous mRNAs, allowing for a study of regulatory aspects of the process in natural abundance levels of native eIFs at physiological molar ratios.
The composition of both complexes was investigated by mass spectrometry (Fig. 1b ).
Our MS/MS analysis reveals the incorporation in both complexes of all eIFs expected to be present after the start-codon recognition (eIF1A, eIF2α, eIF2β, eIF2γ, eIF3 complex, ABCE1).
Also expected were extremely poor numbers of peptides and spectra for eIF1 detected in either complex, corroborating that our complexes are at a late-stage after the start-codon recognition and eIF1 dissociation.
In parallel, we have subjected our prepared complexes to structural analysis by cryo-EM. The structure of the β-globin LS48S IC (3.0Å, 29% of the total number of 40S particles, Fig. 1c-d and Supplementary Fig. 1a-h) shows mRNA, 40S, eIF1A, the ternary complex (TC) and ABCE1. For the H4 mRNA 48S complex (3.5Å, 6.5% of the total number of particles, Fig. 1e-f and Supplementary Fig. 1p-w ), the main reconstruction shows mRNA, 40S and the TC. We attribute the lower percentage of H4 LS48S IC formation to contamination with 60S subunits (~30%) ( Supplementary Fig. 1w ).
Interestingly, both our cryo-EM structures and MS/MS analysis show that the H4 LS48S IC displays a significant reduction in the presence of eIF1A, leaving only residual density for its presence in the cryo-EM reconstruction ( Fig. 1e and Supplementary Fig. 2a ).
Similar observation can be made for ABCE1 in the H4 LS48S IC. Our reconstructions show also another class of IC with eIF3 that we will describe later.
Accommodation of the start codon in the late-stage LS48S IC
In both our reconstructions the codon:anticodon duplex is clearly formed, characterizing the cognate start-codon recognition (Fig. 1c ,e and Fig. 2a,b ). AUG codons of both mRNAs face the (34) CAU (36) of anticodon stem-loop (ASL) tRNA i Met , within hydrogenbonding distances (~2.7Å). In the case of β-globin mRNA, the codon:anticodon interaction is stabilized further by the N-terminal tail (NTT) of eIF1A (Lys7 interacts with the ribose of G(+3) from mRNA, Fig. 2d ). The tail also interacts with the tRNA i Met A(35) between Gly8 and Gly9. With few exceptions, this eIF1A NTT is highly conserved among eukaryotes ( Fig.   2d ). Recent fluorescence anisotropy with yeast reconstituted PICs 10 demonstrated that eIF1A binds with lesser affinity to a near-cognate start codon (UUG) compared to a cognate AUG.
Along the same lines, only very residual density for eIF1A can be observed in the H4 LS48S IC structure ( Supplementary Fig. 2a ) (discussed further below), which reflects its weaker binding affinity after the start-codon recognition at this late stage to the 48S complex.
C1696 of 18S rRNA is stacked on the C(34) base at the very tip of the tRNA i Met ASL that is paired to G(+3) of both β-globin and H4 mRNA ( Fig. 2d ). This contact between C1696 and C(34) is also found in the yeast partial 48S pre-initiation complex (py48S IC) 8 and it occurs even in the absence of any mRNA 30 . This stacking interaction may partly explain the difference in recruitment of initiator tRNA between bacteria and eukaryotes. In bacteria, the initiator tRNA is recruited directly at the P site-accommodated start codon, whereas in eukaryotes, the tRNA i Met is recruited at the pre-initiation stage of the complex before the attachment of mRNA into its channel. The tRNA i Met ASL also interacts with the C-terminal tails of ribosomal protein uS19, attached to the 40S head ( Fig. 2e , Supplementary Fig. 3b ) through its Arg140 that contacts A (35) .
We then compared the overall conformation of the 40S between both complexes and we observed that in the β-globin IC the head of the SSU is tilted downwards by ~2° and swivelled toward the solvent side by ~3° when compared to its counterpart in the H4 IC ( Supplementary Fig. 2c ). We attribute these subtle conformational changes to the dissociation of eIF1A in H4 LS48S IC, after the start-codon recognition, due to the loss of contacts between eIF1A and the 40S head.
Interaction network of the Kozak sequence (-4 to +4) with 40S and initiation factors
Thanks to the resolution of our complexes, we are able to clearly visualize the interactions of the mRNA Kozak sequence residues surrounding the start codon with the components of their respective 48S ICs (Fig. 3a) . The (+4) position, mainly occupied by a guanine in eukaryotic mRNAs, plays a pivotal regulatory role 21, 25 . Our reconstructions demonstrate the structural importance of this position to both mRNAs. In the β-globin LS48S IC, the highly conserved Trp70 from eIF1A is trapped between the G(+4) and the A1819 from h44 18S rRNA of the A-site by stacking interactions (Fig. 2c ). Interestingly, the interaction of the position (+4) mRNA position with h44 was shown by cross-linking studies 32 .
Our β-globin LS48S IC structure also shows the proximity of uS19 C-terminal tail to (+4) mRNA position, which can also be corroborated by several cross-linking studies [32] [33] [34] . In H4 mRNA, G is replaced by a U at position (+4), therefore the stacking interaction with eIF1A appears weaker than when a G is present. Moreover, nucleotides A1818 and A1819 have even more scant densities, indicating their undetermined conformations probably linked to this poor stacking ( Fig. 2c ). Our reconstructions therefore suggest the structural importance of the (+4) position in the interaction with of eIF1A.
Another crucial position in the Kozak consensus sequence is at (-3), often occupied by an adenine (Fig. 1a ). This nucleotide shows several contacts with ribosomal proteins and initiation factors, including Arg55 from domain 1 (D1) of eIF2α ( Fig. 3a) , which was reported previously in the py48S IC structure 8, 10 . However, in the yeast structure the A (-3) base is in the syn conformation and in both our mammalian ICs the adenine is in the anti conformation. Noteworthy, the near-cognate yeast mRNA present in the py48S IC structure 10 , contains adenines at the positions (-1) and (-2), which in principle could create an ideal stacking context for the A base in (-3), thus explaining this difference in conformation compared to our mRNA where these positions are occupied by two cytosines. The (-3) position further interacts with the G957 nucleotide at the 40S platform ( Fig. 3a) , highlighted in earlier studies 35 . In addition, cross-linking studies of reconstituted mammalian PIC previously demonstrated that eIF2α and uS7 interact with the (-3) nucleotide, and uS7 with the (-4) nucleotide 32, 33 . The interaction of uS7 through its β-hairpin was also suggested in the py48S IC structure, due to their proximity in space 8, 10 . However, in our structures, this interaction cannot be confirmed since the electron density at this specific region is very disperse, probably because of the flexibility of this part of uS7 (see Discussion, Supplementary Fig. 6a ) compared to its other parts.
Position (-4) of both mammalian mRNAs interacts with ribosomal protein eS26 through its His80. However, we have found that in the case of the β-globin "strong" Kozak mRNA, position (-4) is a cytosine and appears to interact mildly with eS26 His80 (Fig. 3a , left panel), as its weak density suggests. Whereas when this position is an adenine, like in the "weak" Kozak of the H4 mRNA, a stronger stacking interaction occurs, which could further participate in stabilizing the mRNA in its channel ( Fig. 3b , right panel). Consequently, the mRNA in this latter case adopts a slightly different conformation. A possible result of this difference is the observed tighter interaction with eIF2α Arg55 residue from domain D1 ( Fig.   3a ), as its density is better defined in H4 than in β-globin.
Finally, upstream residues near the start codon in our complexes are in contact with 18S rRNA including G1203 from the head rRNA which interacts with the phosphate of A(+1)
and stacks with C(-1) of both mRNAs ( Fig. 3a ).
eIF1A interaction with the Kozak sequence and the 18S rRNA
In addition to the above-mentioned contact with the start codon and G(+4), eIF1A can potentially establish several interactions at more distal positions in the Kozak sequence, closer to the mRNA channel entrance. Indeed, Arg12, Lys67 and Lys68 in eIF1A are in close proximity to C(+7), G(+6) and U(+5) ( Fig. 4a ). eIF1A NTT also interacts with the 18S rRNA (Gly9 and Lys10 with C1696; and Lys16 and Asn17 with C1327) ( Fig. 2d and Fig. 4a ). Other contacts involve the loops of the eIF1A OB domain with the 40S near the A-site ( Fig. 4b-d ):
namely, Asn44 and Arg46 are in contact with A1817-A1819 and C1705 from h44 of 18S rRNA ( Fig. 4c) ; moreover Lys64 and Arg62 contact G604 and C605 of h18 18S rRNA ( Fig.   4d ). In addition, Arg82, Tyr84 and Gln85 of eIF1A contact Glu58, Leu91 and Gly56 of ribosomal protein uS12 ( Fig. 4d) ; finally, Asp83 is in contact with Arg82 of eS30 ( Fig. 4d ).
Putting together, the above-mentioned interactions might depend on the mRNA sequence and perhaps they can have influence on the stability the cognate start-codon duplex with its anticodon by the NTT of eIF1A (residues Lys7, Gly8, Gly9 and K10).
Noteworthy, eIF1A NTT was shown to interact with eIF5 36, 37 , but because of its clear involvement in the start codon/anticodon duplex, we suggest that this eIF5 interaction occurs during the pre-initiation phase and very shortly after the recruitment of the mRNA.
mRNA interactions with the 48S beyond the Kozak sequence
The mRNA density at distal positions from the Kozak sequence appears disperse when filtered to high-resolution, suggesting an overall flexibility at both the entrance and the exit of the channel (local resolution of ~6 to ~9 Å). Nevertheless, several contacts can be observed at the entrance and exit sites of the mRNA channel of the β-globin and H4 LS48S
ICs. These interactions are common to both complexes and could be more site-specific than they are sequence-specific.
At the entrance of the mRNA channel during this late stage of the initiation process, the mRNA extensively interacts with conserved residues of the 40S ribosomal proteins uS3 and eS30, and with rRNA h16 in positions spaning from +10 to ~ +20 ( Fig. 3b ). For instance, the conserved Arg117 of the head protein uS3 contacts the mRNA at the channel entrance.
This residue was recently indicated as important for stabilizing the P IN closed state of the 48S in yeast IC 10 and for the initiation accuracy in the presence of suboptimal Kozak sequence by in vivo assays in yeast 38 . The contribution of this charged residue of uS3 contacting the mRNA is partially corroborated by cross-links in a previous study 33 . More globally, charged amino acid residues from uS3 helix α (residues 117-128) are in close proximity to nucleotides from positions (+14) to (+18) ( Fig. 3b ). Moreover, residues from a β-hairpin (residues 142-145) can potentially contact nucleotides C(+9) and C(+10) of the mRNA. For ribosomal protein eS30, Lys126 is in close distance to the bases of G(+12) and A(+13). The proximity of A(+13) of mRNA to Ala133 of uS5 can also be noted ( Fig. 3b ).
On the other side at the mRNA exit channel, we can observe the exit of both β-globin and H4 mRNAs from their respective 48S ICs (Fig. 3c ). The 5' untranslated region (5'UTR)
for β-globin mRNA is substantially longer than for H4 (50 nt and 9 nt, respectively) ( Fig. 1a , see Methods). We compared the mRNA exit channels of both complexes below the ribosomal head protein RACK1, which unambiguously shows the expected larger 5' UTR for β-globin LS48S IC compared to H4 ( Supplementary Fig. 2b ). We were able to spot several possible contacts of ribosomal proteins at the exit site with mRNA nucleotides in both LS48S IC, including eS28 (Arg67 with A(-5), and Arg68 with A(-7)) as well as eS26 (Ile41 with C(-8),
Arg42 with A(-9) and Arg100 with both these nucleotides) ( Fig. 3c ), in agreement with previous cross-linking results 32, 33 .
Interactions of 48S initiation complex with the tRNA i Met
The overall accommodation of the mammalian ASL resembles its yeast counterpart found in the P IN state 8, 10 . The 48S IC-tRNA i Met interaction network is summarized in the Supplementary Fig. 3b . In both IC complexes, we can observe a density attached to A(37), in which we can model the threonylcarbamyol group forming a t 6 A modification ( Fig. 3a and Fig. 5a ). This modification mediates the binding of t 6 A(37) to the 2'OH of C(-1) in the mRNA, and therefore can further stabilize the start-codon recognition. It is tempting to suggest that C(-1):t 6 A(37) interaction is required for efficient translation in mammals. This mRNA C(-1) position is conserved in higher eukaryotes, as revealed by quantitative sequence analysis 39 , and forms part of the Kozak sequence. Interestingly, the electron density for this modification is even stronger in the H4 mRNA complex than in β-globin, even at a lower resolution (3.5Å). We therefore suspect that this interaction could be more important in the case of suboptimal Kozak sequences, where this modification could compensate for the loss of some interactions with the 48S IC, compared to a strong Kozak mRNA. The same interaction in the case of adenine at (-1) position is not excluded, however its nature and conformation will be different.
Despite the universal presence of the t 6 A hypermodified base in all organisms, and a crucial role in translation efficiency 40, 41 , it has only recently been shown that it directly contributes to the AUG recognition accuracy. In the py48S-eIF5 IC structure at a resolution of 3.5 Å 10 , t 6 A of the initiator tRNA Met was suggested to enhance codon-anticodon base-pairing by interacting with A(-1) and by a stacking on the downstream base-pair involving A(+1).
Thanks to our mammalian LS48S IC at 3.0 Å, we can clearly observe the threonylcarbamyol group in a different conformation, placing the carboxyl group within hydrogen-bonding distance (2.7Å) from the 2'OH group of C(-1) ( Fig. 5a ). However, this modification does not appear to stack over the downstream base-pair as previously suggested. Noteworthy, in yeast there is a preference for an A at position (-1) 21, 42 , while it is a C(-1) in mammals.
Furthermore, C (34) , that is a part of the anticodon, is stabilized by the modified U1248 of helix31 of rRNA (m 1 acp 3 Ψ, 1-methyl-3-(3-amino-3-carboxypropyl) pseudouridine) 43, 44 (Fig. 5b) , which was previously reported in the py48S-eIF5 (modified U1119) 10 . In addition, the neighbouring nucleotides, C(32) and C (33) , are in contact with C-terminal arginine Arg146 of ribosomal head protein uS9 ( Fig. 5c ).
Aside from its role in the codon-anticodon stabilization, uS19 together with uS13 were found to contact other parts of the tRNA i Met through their highly conserved C-terminal tails ( Fig. 2e and Supplementary Fig. 3b ). Thr136 side chain of uS19 interacts with the guanine backbone of three conserved G-C base pairs in ASL that are crucial for stabilization of the initiation complex in eukaryotes 45 . Residues Thr145 and Gly147 of uS13 are in contact with the phosphate groups of U28 and G29 ( Fig. 2e ). Consistent with previous reports 8, 10 , several residues from domain D1 of eIF2α (Arg57, Ser58, Asn60 and Lys61) interact with the cysteines backbones of three conserved G-C base pairs of the ASL (phosphate groups of C39-41) ( Fig. 5d and Supplementary Fig. 3b ).
ABCE1 binding to the initiation complex is NTP-dependent
ABCE1 (named Rli1 in yeast) is a conserved NTP-binding cassette ABC-type multidomain protein that plays a role in translation initiation as well as translation termination and ribosome recycling [46] [47] [48] [49] [50] [51] . It contains two nucleotide-binding domains (NBDs), where the two NTP molecules bind. Its N-terminal NBD contains two iron-sulphur clusters [4Fe-4S] 2+ 52-54 In our β-globin LS48S IC structure, the NTP-binding cassette of ABCE1 displays lower local resolution (between 3.5 and 5 Å, Fig. 6a and Supplementary Fig. 1d ) compared to the average resolution, likely due to the flexibility of the NBDs. In H4 LS48S IC structure we observe only a residual density of ABCE1 ( Supplementary Fig. 1l ), which can be caused by a slightly different conformation h44 18S rRNA in the absence of eIF1A.
The iron-sulfur (Fe-S) binding domain presents a higher local resolution than the NBDs (between 3 and 4 Å, Fig. 6b and Supplementary Fig. 1d ). Therefore, we can clearly distinguish the Fe-S clusters in the cryo-EM density map as well as the presence of two bound nucleotides that probably represent GMP-PNP that was used to stall the initiation complexes by blocking eIF2γ (Fig. 6a-c ).
NBD1 contacts five nucleotides in the 18S rRNA helix14 (U478, A455, A454, C453
and C452) through residues located in a helix-loop-helix motif (Ser150) and in the hinge-N (Arg306 and Asn310) ( Fig. 6f ,g, Supplementary Fig. 4a ). NBD2 also makes contacts to nucleotides A455, A454, C453 through the hinge-C residues Lys584 and Ile583, conserved in higher eukaryotes ( Fig. 6g and Supplementary Fig. 4a ). Residues Arg567, Arg576 and
Gln588 from NBD2 are in close proximity to the 18S rRNA and can potentially be involved in the interaction with the latter, as suggested by their conservation ( Supplementary Fig. 4a ).
Moreover, NBD1 residues Pro265 and Asp266 interact with residues from the C-terminal helix of ribosomal protein eS24 such as Gly128 ( Fig. 6f ).
As for the Fe-S binding domain, it interacts with the 18S rRNA (Arg7 from strand β 1 to C471, Lys20 to G1718, Pro43 to A1719 and Asn74 to G470) ( Fig. 6d ). In addition, ABCE1
interacts with ribosomal protein uS12 residues Ile50, Leu52 and Ile75 via a hydrophobic pocket formed by helices α 2, α 3 and cluster (II) (residues Pro30, Val31, Ile56, Ile60) ( Fig. 6d ). This is consistent with previous structural and crosslinking studies in yeast and archeal complexes 16, 17 .
In order to investigate the effect of ABCE1 binding on the structure and composition of the LS48S IC, we purified β-globin complexes using our choice strategy 31 supplemented with 10 mM of ATP (see Methods), thus taking advantage of the ability of ABCE1 to hydrolyse ATP, in contrast to the obligate GTPase eIF2. The β-globin-ATP 48S IC was then analyzed by cryo-EM and yielded two main LS48S IC reconstructions at ~14Å and ~10Å, that differ in the presence and absence of eIF3, respectively ( Fig. 6h and Supplementary Fig.   1x ,y). The addition of ATP most likely causes the replacement of the GMP-PNP molecules in the NBD pockets by ATP molecules that was then hydrolyzed by ABCE1. Our structures clearly reveal the dissociation of ABCE1 as a result of ATP addition, consistent with recent structural and biophysical studies 16, 17, 55 . Aside of the absence of ABCE1, the global structure of the β-globin-ATP LS48S IC is identical to its higher-resolution counterpart without ATP ( Fig. 6h ), thus very likely excluding a direct active role of ABCE1 in the assembly of the initiation complex. It is reasonable to assume that in the cell ABCE1 undergoes on/off cycles to the IC in an ATP-dependent manner, as we have previously suggested 18 . However, these results do not contradict the demonstrated function for ABCE1 as an anti-ribosomal-subunit association factor. eIF3 in the late-stage 48S initiation complex
Nearly 15% (~5% of the total particles count) of the particles corresponding to the βglobin LS48S IC structures contain a density for eIF3 at the solvent side. After extensive particle sorting and refinement, a reconstruction of the β-globin LS48S IC showing eIF3 was obtained at a resolution of ~3.6 Å ( Supplementary Fig. 1i -o), thus allowing verification of the recognition of the start codon for this specific class ( Fig. 7a,b) . eIF3 a and c subunits, i.e.
those that bind directly to the 40S, are mostly resolved at a resolution ranging from 3.5 to 4.5 Å, enabling for the first time a model of the exact residues in interaction with the 40S subunit ( Fig. 7c-g ). We find that eIF3a in β-globin LS48S IC shows several contacts with 40S ribosomal body proteins, with eIF3a residues Glu9, Asn16 and Glu17 interacting with eS1 residues Glu78, Ile189 and Pro190, respectively ( Fig. 7f,g ). In addition, eIF3c residues Lys332, Lys333 and Thr381 contact the small ribosomal subunit protein eS27 via residues
Val53, Gln65 and Glu75 (Fig. 7e ). Moreover, residues Leu379 and Ala380 interact through their backbone with nucleotides C1113, C1114, A1115 and U1116 part of the apical loop of expansion segment 7.
The eIF3d subunit structure is at lower resolution as compared to the eIF3 octamer core. Nevertheless, secondary structure elements can clearly be depicted when filtered to a lower resolution (6Å), which enabled the fitting of its partial crystal structure in our density 56 .
The modelled eIF3d displays contacts with several ribosomal head proteins: helix-α 12 contacts the N-terminal loop of uS7; the loop between β 9 and β10 contacts RACK1 (loop located between strands β 6D and β 7A ); and β-strand loops and the "RNA gate" insertion contacts eS28 (strand β 3 , loops between helices α 8 and α 9 ).
In spite of the low local-resolution of this particular subunit, our structure provides clues to the demonstrated interactions of eIF3d and eIF3a with the mRNA 5'UTR ( Fig. 7d ).
Thus, shown by the residual electron density traces, the 5'UTR of numerous mRNAs such as β-globin can possibly interact with different parts of eIF3d: N-terminal loop and strand β 2 (residues S166 to E172) and a loop between β 11 and β 12 (residues Asn513 and Lys514) ( Fig.   7d ). These residues of eIF3d are better conserved in higher eukaryotes, indicating a possible species-specific regulation. An interaction with 5' RNA terminus recognition motif was also previously reported 56 . More insight into the interaction patterns of eIF3d with different mRNA 5'UTRs in the context of translation initiation will be an important goal in future studies.
Finally, the mRNA 5'UTR of β-globin can also interact with eIF3a (residues Tyr4-Pro8, Lys45-His47 and Gln80-Asn82) ( Fig. 7d ). Similarly to eIF3d, these residues are mainly conserved among higher eukaryotes ( Fig. 7g ). It was previously shown that the eIF3a-PCI domain (a domain with a common fold for proteasome, COP9, initiation factor 3) is critical for stabilizing mRNA binding at the exit channel 57 . However, because of the low local resolution of the β-globin mRNA 5'UTR in our reconstruction, we do not exclude other patterns of interaction. H4 LS48S IC also shows the residual presence of eIF3 core, however particle sorting reveals a reconstruction containing eIF3 ( Supplementary Fig. 1w ) at only intermediate resolution because of the low number of particles.
DISCUSSION
Our cryo-EM structures reveal in detail the accommodation of the mRNA containing either "strong" or "weak" Kozak sequences in the context of the late-stage mammalian initiation complex. In our presented IC structures, we did not identify any density corresponding to the eIF1. Combined with codon-anticodon complex formation and several conformational changes characteristic of the stage after the start-codon recognition, we have dubbed our complexes "late-stage 48S IC (LS48 IC)". Initiation on β-globin and H4 mRNA may undergo different regulatory processes as previously reported 27, 28 , however in our structures we only analyse the mRNA nucleotide interactions of the Kozak sequences without dwelling on the exact regulation mechanism that may be in part influenced by the different interaction patterns that we observe. We therefore believe that our two archetype mRNA Kozak sequences are representative of native cellular mRNAs incorporating weak and strong sequences, as their observed interactions are purely the result of sequence differences, and unrelated to specific regulatory pathways. The interactions described in this work are summarized in the Fig. 7h and Supplementary Table 2 .
In the Kozak sequence, the position (+4) appears to play a role in both mRNAs, where it is a G in β-globin and U in H4. At this position, the crucial interaction with Trp70 of eIF1A appears to be weaker in the case of H4 IC when compared to β-globin IC, as indicated by our mass spectrometry normalized spectral counts and the cryo-EM reconstructions. We suggest that the poor abundance of eIF1A in the H4 LS48S IC cryo-EM reconstruction ( Fig. 1,   Supplementary Fig. 1l and Supplementary Fig. 2a ) might not suggest a negligible role for this initiation factor in suboptimal Kozak consensus mRNAs during scanning. Rather, it simply shows its weaker interaction in the complex after start-codon recognition, supported by our semi-quantitative MS/MS analysis. As expected, the biggest decrease in spectral counts was observed for eIF1A in the H4 LS48S IC compared to its β-globin counterpart (Fig. 1b) . The weak above-mentioned stacking interaction with mRNA purine at (+4) position is likely to be the reason of the affinity drop and subsequent weaker interaction between eIF1A and the 48S in the case of H4, after scanning and the recognition of the start codon. This observation is consistent with the suggested special translation initiation mechanism for H4 27, 28 . It was suggested that H4 mRNA undergoes an unconventional "tethering mechanism", where the ribosomes are tethered directly on the start codon without scanning 27 . This particular mechanism was proposed to occur thanks to the presence of two secondary structure elements present downstream of the start codon in H4 mRNA (position +19), contacting h16 of rRNA, however, we cannot confirm the presence of these elements by our structure. We believe that eIF1A is present in the H4 complex during pre-initiation and the short scanning process, and only after the recognition of the start codon the affinity can be affected by the mRNA Kozak context.
Regarding the N-terminal tail of eIF1A, it is present in the A-site starting from the scanning process, as shown by our structure and also yeast 43S PIC and closed-48S ICs 9,10 . It is important to emphasize the binding of eIF1A on the H4 IC at a certain stage, because we can observe residual electron density for this initiation factor in the H4 LS48S IC ( Supplementary Fig. 1l and Supplementary Fig. 2a ). This observation tends to validate the unconventional very short scanning mechanism proposed for H4 mRNA 27 , yielding in the faster accommodation of the start codon as compared to β-globin mRNA. Nevertheless, in the early initiation steps eIF1A may interact with eIF5, as demonstrated by biophysical studies of in vitro purified proteins 36 .
The importance of positions (+4) and (-3) of mRNA has been pointed out in previous studies (reviewed in 22 ), however the significant involvement of position (-4) in mammals was not highlighted. Similarly to py48S-eIF5 IC 10 , our structures show that this position in the case of "weak" Kozak A(-4), can be stabilized by residue His80 of eS26. This residue is highly conserved in eukaryotes (Fig. 3a) , therefore showing a universal mode of interaction.
The role of eS26 (and eS28) in the accommodation of the 5' UTR was also highlighted by chemical cross-linking studies performed with 80S ribosome assembled on histone H4 mRNA 28 . Remarkably, in the case of the yeast IC, it was shown that the interaction between the A nucleotide at the position (-4) and His80 of eS26 does occur through stacking 10 , in contrast to our study where we can show C and mainly A (-4) stacked below the His80 of eS26. This variation is probably due to the different sequence between our mRNA and those of yeast, where positions -1 to -3 are occupied by A, that favours more stacking between the nucleotides bases and consequently more twist (Fig. 5a) . Indeed, the kink in E/P site in py48S-eIF5 IC 10 is sharper than in the case of mammalian 48S IC ( Supplementary Fig. 3a ).
Interestingly, a previous cross-linking study in the context of the human 80S ribosome highlighted the eS26 binding to G and U nucleotides in the region (-4) to (-9) of the mRNA 58 .
In a more recent biochemical study in yeast, it was shown that the mRNAs bound to the ribosomes depleted in eS26 (RpS26 in Saccharomyces) translate poorly when compared to those enriched in eS26 59 . It was also reported in the same study that RpS26 is necessary for preferential translation of mRNAs with A at (-4) position and not G, showing that the interaction is very specific and not simply purine/pyrimidine dependent. Therefore, the His80 eS26 recognition is likely optimal for mRNA sequences containing A at this position. In yeast, however, the nucleotide context surrounding the start codon is less critical and but shares with mammals the importance of the (-3) position 21, 60 . Further studies on translation of mRNAs containing mutations at these positions will help unveiling the mechanism of scanning in mammals and will shed light on the leaky scanning mechanism.
The tails of uS13 and uS19 have been previously shown to make direct interactions with the ASL of the peptidyl-site-exit-site (P/E) tRNA in presence of elongation factor G (EF-G)-ribosome complex in a pre-translocation state in prokaryotes 61 . To the best of our knowledge, these proteins have not yet been reported to be particularly involved in the initiation process in eukaryotes. Nevertheless, our structures are supported by earlier crosslinking studies of human 80S ribosome showing that the tail of uS19 is located closer to the decoding site than that of prokaryotic S19 58 . In the case of S. cerevisiae uS13 and uS19, the C-terminal parts are not conserved, compared to human protein homologues ( Fig. 2e ) and they have never been observed to interact with the tRNA i The ribosomal protein uS7 is located close in space to the position (-3) of mRNA, but we cannot confirm its interaction with this nucleotide due to the lack of the density for this part of the protein. Noteworthy, this is the only flexible region in this protein structure ( Supplementary Fig. 5a ), containing the crucial β-hairpin in the case of bacterial and yeast initiation 63, 64 . This region in yeast contains the glycine-stretch GGGG (residues 150-153), whereas in human it is GRAG (residues 129-132). Genetic experiments on single-point mutants of this β−hairpin demonstrated almost unchanged phenotype for human-like G151R and G152A mutations 65 , but the G151S mutation was lethal. More recent work from the same research group showed that by using genetic and biochemical approaches, uS7 modulates start-codon recognition by interacting with eIF2α domains in yeast 63 . The residues implicated in the described interactions are highly conserved and are also present in mammals ( Supplementary Fig. 5b ). Therefore, we speculate that the effect of the studied substitutions of uS7 might result in similar phenotypes in mammals.
When compared to the yeast 40S ribosome-ABCE1 post-splitting complex 16 , we do not observe any large structural differences. However, NTP pocket 1 appears to be more open than NTP pocket 2 ( Fig. 6a ,e, coloured frames) and it is similar to the "open state" found by X-ray crystallography 52 . Recent single-molecule-based fluorescence resonance energy transfer (smFRET) study on archeal ABCE1 showed that two NTP sites are in asymmetric dynamic equilibrium and both NTP sites can exist in different conformations 55 . Therefore, we propose that in ABCE1 in LS48S IC is present in its asymmetric conformer, where NTP pocket 1 is in the open state, whereas pocket 2 is in the closed state. The position of ABCE1 in the IC suggests steric incompatibility with the human re-initiation factor, eIF2D 66 . Indeed, the winged helix (WH) domain of eIF2D was found to interact with the central part of h44 ribosomal RNA in the absence of ABCE1, at the exact position of the ABCE1 Fe-S cluster (I) in our LS48S IC ( Supplementary Fig. 4b ). This cluster also shows sequence similarity to the C-terminal SUI domain of eIF2D, found to be located in the re-initiation complex at the top of h44 rRNA (Fig. 4a) 66 .
Regarding the relatively low abundance of eIF3 in our complexes, we believe that after the LS48S complex formation, eIF3 simply detaches from the 40S, probably during the grid preparation as has been consistently observed in structural studies of analogous complexes. The superposition of the eIF3 octamer to our previous structure of the in vitro reconstituted 43S PIC 30 showed high structural similarity (RMSD 1.3 Å over all atoms).
Consistent with our previous study 30 , our structure reveals a sizable unassigned density at the mRNA channel exit, interacting mainly with eIF3 a and c ( Supplementary Fig. 6b,c) . Because of its location, it is tempting to attribute this unassigned density to the 5'UTR of mRNA, however its presence in 43S PIC 30 , which does not contain any mRNA, strongly contradicts this assignment. Thus, following our previous suggestion, we believe that this density belongs mainly to flexible segments of eIF3d. Finally, the eIF3 b-i-g module is not visible in our structure, however in the case of py48S-eIF5 IC structure 10 , it was demonstrated that these subunits relocate together to the solvent site upon start-codon recognition.
CONCLUSIONS
Our cryo-EM structure at 3.0 Å represents the highest resolution reconstruction of a mammalian 48S initiation complex. It refines our understanding of the architecture of mammalian late-stage 48S initiation complexes and provides structural insights into the Kozak sequence regulatory role in canonical cap-dependent translation initiation. The data presented here suggest a correlation between nucleotides at crucial positions surrounding the start codon and the initiation complex composition, after the recognition of the start codon, but also explain some of the molecular basis underlying the "strength" of a Kozak sequence.
Furthermore, our results demonstrate that the binding of ABCE1 during initiation doesn't impact the conformation of the 48S IC. In the presence of ATP, ABCE1 dissociates from the IC, likely after the ATP-dependent hydrolysis. Finally, our structure reveals for the first time the molecular details of the mammalian eIF3 core interactions with the 40S ribosomal subunit, at near-atomic resolution.
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METHODS
In vitro transcription and capping
Human β-globin mRNA was prepared as previously described 31 . The template for mouse H4-12 mRNA (375 nt; accession number X13235) was generated by PCR amplification extended on its 3′-end with a 5′-(CAA) 9 CAC-3′ tail from plasmid containing the gene synthetized by Proteogenix. The PCR product purification and in vitro transcription of mouse H4-12 mRNA were performed as described for the preparation of β-globin mRNA. The pure transcripts were capped using the ScriptCap™ m 7 G Capping System (Epicentre). Radiolabelled transcripts were obtained by substituting the GTP from the kit with [α 32 P]GTP.
Sample preparation for Cryo-EM β-globin 48S IC and H4 48S IC were isolated from nuclease-treated rabbit reticulocyte lysate (RRL-promega) as previously described 31 except that lower concentration of Mg (0.5 mM) was used for ribosome complex assembly. Moreover, we have optimized the gradient fraction collection using BioComp Piston Gradient Fractionator™ devise. The formation of translation initiation complexes has been monitored following the ribosome profile via the UV absorbance (OD260) and the radioactivity profile of the 32 P labeled β-globin or H4 mRNA.
Fractions containing β-globin/48S IC or H4/48S IC were centrifuged at 108,000 rpm (S140AT Sorvall-Hitachi rotor) for 1 h at 4°C and the ribosomal pellet was dissolved in a buffer containing 10 mM Hepes/KOH pH 7.4, 50 mM KOAc, 10 mM NH 4 Cl, 5 mM Mg(OAc) 2 and 2 mM DTT. factor sharpening, and resolution validation to avoid over-fitting.
Grids preparation and data collection parameters
Model building, map fitting and refinement
The four initiation complexes were modelled based on the previous initiation Oryctolagus cuniculus complex (PDBID: 5K0Y) 31 resolved at 5.8Å. Adjustments of RNA and proteins were done using the visualization and modelling software UCSF Chimera version 1.12 (build 41623) 73 . Sequences of modelled factors from Oryctolagus cuniculus were retrieved using BLAST 74 tools in the NCBI database 75 using respective template sequence described below.
Templates structures were extracted from the PDB 76 . ABCE1 from Saccharomyces cerevisiae 40S complex (PDB ID: 5LL6 chain h) 16 was used as template to thread ABCE1 of Oryctolagus cuniculus in Swiss-model 77 webservice. The core of initiation factor 3 (eIF3) composed of subunits A, C, E, F, H, K, L and M was extracted from corresponding mammalian eIF3 (PDB ID: 5A5T) 30 . Initiation factor 3D (eIF3D) from Nasonia vitripennis (PDB ID: 5K4B) 56 was the template to thread eIF3D of Oryctolagus cuniculus in Swissmodel. Initiation factor 1A (eIF1A) template was extracted from Saccharomyces cerevisiae 48S preinitiation complex (PDB ID: 3JAP chain i) 9 and thread into Oryctolagus cuniculus in Swiss-model. The ternary complex (TC) was affined from Oryctolagus cuniculus initiation complex (PDB ID: 5K0Y) 31 . Both messenger RNA (globin and H4) were modelled using modelling tools of Chimera. Refinements were done on all four complexes in their corresponding maps. The refinement workflow followed four major steps that applied to all initiation complexes. First, a Molecular Dynamic Flexible Fitting (MDFF) 78 ran for 200000 steps with gscale of 1 (potential given to the density map to attract atoms in their density).
The trajectories reached a plateau of RMSD curve around frame 160 for the four complexes.
A minimization followed the trajectories to relax the system. MDFF ran on VMD 79 1.9.2 coupled with NAMD2 80 v.1.3. software. Next steps of refinement required the usage of several specialized tools for RNA and proteins geometry included as modules in PHENIX 81 version 1.13-2998-000 software. Phenix.ERRASER 82 is a specialized tool for RNA refinement and Phenix.real_space_refine is specialized for proteins geometry and density fitting refinement. Finally, a last step of minimization using VMD and NAMD2 was applied.
Assessment and validation of our models were done by Molprobity 83 webservice. Validation statistics are in tables in supplementary information.
Mass spectrometry analysis and data post-processing
Protein extracts were precipitated overnight with 5 volumes of cold 0.1 M ammonium acetate in 100% methanol. Proteins were then digested with sequencing-grade trypsin (Promega, Fitchburg, MA, USA) as described previously 84 . Each sample was further analyzed by nanoLC-MS/MS on a QExactive+ mass spectrometer coupled to an EASY-nanoLC-1000 (Thermo-Fisher Scientific, USA). Data were searched against the rabbit UniprotKB subdatabase with a decoy strategy (UniprotKB release 2016-08-22, taxon 9986 Oryctolagus cuniculus, 23086 forward protein sequences). Peptides and proteins were identified with Mascot algorithm (version 2.5.1, Matrix Science, London, UK) and data were further imported into Proline v1.4 software (http://proline.profiproteomics.fr/). Proteins were validated on Mascot pretty rank equal to 1, and 1% FDR on both peptide spectrum matches (PSM score) and protein sets (Protein Set score). The total number of MS/MS fragmentation spectra was used to quantify each protein from three independent biological replicates (Spectral Count relative quantification). Proline was further used to align the Spectral Count values across all samples. The average of three experiments was normalized in respect to the total number of spectral counts (NSC) for all initiation factors (eIFs) (2807 for beta-globin and 2126 for H4). Therefore, the H4 results were multiplied by the normalization factor of 1.32. Then, the multiplicands for different eIFs were added and the results underwent a second normalization according to the number of trypsin sites (>70% of probability) predicted by PeptideCutter provided by the ExPaSy server (https://web.expasy.org/peptide_cutter). The heat maps were generated in respect to the NSC. The coefficients of variations were calculated as standard of deviation between the normalized NCS and are presented in percentage (see Fig. 1b ). The mass spectrometric data were deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXDxxxx.
Alignments
The alignments of 8 Similarly to the counterpart complex with ATP, two major classes stand out, with and without eIF3 (y). conservation of the interacting residues in eIF2α and uS7, showed by reference 63, among eukaryotic species showed in coloured frames. Supplementary Fig. 6 : Comparison between eIF3 of ICs from near-native conditions and in vitro assembly. a, atomic model of eIF3 octamer core along with eIF3d subunit (in coloured ribbons). b, segmented cryo-EM densities of eIF3 octamer core along with eIF3d (filtered to 8 Å), showing unidentified density (green surface) in contact with eIF3 a and c subunits. c, fitting of eIF3d partial crystal structure into its cryo-EM density. 
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